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ABSTRACT 
The ve loc i ty  a t  which a flame spreads over the 
sur face  of i g n i t i n g  n i t r a t e  ester (double base) pro- 
p e l l a n t s  of two d i f f e r e n t  compositions has been 
measured T e s t  parameters were pressure  l e v e l  and 
chemical na tu re  of the surrounding quiescent  atmos- 
phere,  Small  t e s t  specimens, mounted ho r i zon ta l ly ,  
i n  a r e l a t i v e l y  large high-pressure t e s t  chamber were 
i g n i t e d  and the flame spreading v e l o c i t y  was obtained 
cinematographically,  Flame spreading ve loc i ty  was 
found t o  vary: d i r e c t l y  w i t h  p ressure  leve l  (be- 
tween 6 and 415 ps ia ) ;  and d i r e c t l y  w i t h  the oxygen 
weight f r a c t i o n  i n  environments composed of oxygen- 
n i t rogen  mixtures.  It was demonstrated t h a t  all 
data, except those taken i n  100 percent  n i t rogen  
could be c o r r e l a t e d  by an  equation of the form; 
V %(Z2P) ' ,  where V i s  t h e  flame spreading ve loc i ty ,  
Z i s  the chemical r e a c t i v i t y  of t h e  surrounding en- 
vironment, P i s  the  pressure level ,  and r i s  a pure 
number approximately equal t o  0.6, Flame spreading 
data  taken i n  100 percent  n i t rogen  yielded v e l o c i t i e s  
of the same order  of magnitude as the l i n e a r  burning 
rate;  whereas i n  100 per-:ent oxygen a t  415 p s i a  
the ve loc i ty  was g r e a t e r  than the l i n e a r  burning 
c 
iv 
rate by approximately a factor of l5! It is concluded 
that in reactive environments the mechanism of flame 
spreading is substantially different from that which 
controls surface linear regression during normal 
burning, 
Although the results of the present experiments 
are generally consistent with the previously hypothe- 
sized gas phase model of flame spreading,” they are 
inconsistent with the results predicted by the previous 
theoretical analysis of the model. A discussion is 
presented of some of the assumptions underlying this 
analysis that might be unrealistic in so far as the 
present work is concerned, 
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S E C ~ O N  I 
BACKGROUND 
During t h e  past decade the r a p i d l y  expanding 
u t i l i z a t i o n  of s o l i d  propel lan t  propuls ion systems has 
given r i se  t o  a large number of  s o l i d  p rope l l an t  rocke t  
motor i g n i t i o n  s tud ie s .  H i s t o r i c a l l y ,  motor i g n i t i o n  
system des ign  has been empirical;  and d e s p i t e  t h i s  re- 
cen t  f l o u r i s h  of a t t e n t i o n ,  i t  remains so even today. 
It I s  hoped, perhaps op t imis t i ca l ly ,  that as a r e s u l t  
of the flame spreading s t u d i e s  being conducted i n  tNs 
labora tory  it w i l l  be poss ib le  t o  e s t a b l i s h  a basis f o r  
the r a t i o n a l  des ign  of i g n i t i o n  systems as fa r  as flame 
spreading i s  concerned; o r  a t  least evolve a set of 
r u l e s  f o r  the s c a l i n g  of successfu l  systems t o  meet the 
requirements of new app l i ca t ions .  These r u l e s ,  i d e a l l y ,  
should make i t  poss ib l e  t o  c a l c u l a t e  the  minimum weight 
of I g n i t e r  charge that i s  p e r f e c t l y  matched t o  any 
motor while y i e l d i n g  an  optimized i g n i t i o n  pressure  
t r a n s i e n t ,  1.e. no excessive pressure  r i s e  o r  i g n i t i o n  
de lay .  I n  add i t ion ,  they should give i g n i t i o n  charac- 
t e r i s t i c s  that  are highly r e l i a b l e  over a wide range of 
opera t ing  condi t ions .  
To f a c i l i t a t e  ana lys i s ,  t he  o v e r a l l  motor i g n i t i o n  
process  i s  descr ibed by three p r i n c i p a l  phases: (1) 
heating of t he  exposed g ra in  su r face  t o  i n c i p i e n t  
2 
c 
ignition conditions, with isolated flames developing 
at 801118 locations; (2) spreading of the flames over 
the remaining surface; and ( 3 )  filling the chamber 
with propellant combustion products until the equilib- 
&urn chamber pressure level is reached. In many 
operational ignition systems the igniter continues t o  
fire during the flame spreading and chamber filling 
phases, This necessitates that the igniterbs influ- 
ence be accounted for in any completely 
description of these phases, 
valid 
Almos t  every type of operational solid rocket 
motor ignition system initiates combustion by heating 
the exposed surfaces of the propellant grain - the 
source of energy being the hot  combustion products of 
the burning igniter material. A great variety of heat- 
ing situations are possible depending upon the type of 
igniter employed. For example, the propellant surface 
might be exposed t o  a complex combination of conductive, 
convective, and radiative heating - with heat being gen- 
erated by condensation of certain vapors, exothermic 
chemical reactions, etc, 
In order t o  clarify the first phase, several 
elementary experiments have been designed t o  measure 
the response of the propellant to one or more of the 
many types of ignition stimuli. A number of ignition 
1 , 
techniques have been employed i n  t h i s  regard - hot 
wires,’ shock tubes,  233  arc-imaging furnaces ,  ex- 
posure t o  powerful ox id iz ing  agents ,  516 and many 
o the r s .  7,839 
4 
These experiments have demonstrated that, 
i n  general ,  p rope l l an t  i g n i t i o n  response i s  r e l a t e d  t o  
su r face  hea t ing  r a t e ,  p ressure  l e v e l ,  and chemical 
r e a c t i v i t y  of t he  surrounding atmosphere. 
Current i n t e r p r e t a t i o n s  of t hese  r e s u l t s  are 
d i v i d e d  i n t o  two schools:  (1) that which cons iders  the 
p r i n c i p a l  exothermic process  l e a d i n g  t o  i g n i t i o n  t o  take 
place i n  the gas phase following some vapor iza t ion  of 
p r o p e l l a n t  c o n s t i t u e n t s ;  and ( 2 )  t h a t  which cons iders  
t he  p r i n c i p a l  process  t o  take p l ace  a t  the so l id  (or l i q -  
u i d )  - gas i n t e r f a c e  which then leads t o  vaporizat ion.  
However, even i n  t h i s  l a t te r  i n t e r p r e t a t i o n ,  i t  i s  ne- 
ces sa ry  t o  account for the subsequent gas phase exother- 
mic processes  i n  o rde r  t o  a r r i v e  a t  a complete desc r ip -  
10, l l  t i o n  of the i g n i t i o n  event.  Exce l len t  review papers 
have r e c e n t l y  been published that d i s c u s s  these  i n t e r -  
p r e t a t i o n s  i n  d e t a i l ,  
Recent experiments i n  t h i s  l abora to ry  12,13 lead t o  
the fol lowing conclusion: It i s  probable that thermo- 
chemical a t t a c k  on a p rope l l an t  su r f sce  by a c e r t a i n  
c l a s s  of v i o l e n t  ox id iz ing  agents  (e.g. F2 a n d a F 3 )  
could lead t o  i g n i t i o n  via a heterogeneous r eac t ion ;  
4 
but,  i t  i s  highly un l ike ly  t h a t  t h i s  mechanism i s  
v a l i d  when less powerful oxidizing agents ,  such as 02, 
a r e  present .  
The phase of motor i g n i t i o n  which has received the  
l e a s t  a t t e n t i o n  i s  flame spreading from a r e a s  of f i rs t  
i g n i t i o n  t o  eventual  coverage of the e n t i r e  g r a i n  sur-  
f ace .  During the i g n i t i o n  of small motors t h i s  phase 
i s  completed wi th in  a few mil l iseconds,  bu t  t he  enor- 
mous g r a i n  surf  ace  a rea  of massive s o l i d  p rope l l an t  
space booster  motors r e s u l t s  i n  a p r o t r a c t i o n  of t h i s  
i n t e r v a l  t o  about one second. It becomes, t he re fo re ,  
an i tem of cons iderable  i n t e r e s t  when p r e c i s e  f i r i n g  
schedules must be met, 6.g. when these motors are 
"c lus te red" .  Also, i t  appears that  t h e  time f o r  flame 
spreading might be the most d i f f i c u l t  t o  reduce i n  t h e  
development of a n t i - m i s s i l e  m i s s i l e  boos te rs  where 
promptness i n  achieving f u l l  motor i g n i t i o n  i s  a t  a 
premium. The flame spreading phase i s  the subjec t  of 
t h i s  thesis and w i l l  be discussed i n  d e t a i l  herein.  
Following flame spreading over t he  e n t i r e  surface,  
the pressure  r i s e  t o  t h e  equi l ibr ium chamber pressure  
l e v e l  can be descr ibed q u i t e  simply - i t  i s  obtained 
from a balance between the  rate a t  which gas i s  being 
generated, both by the i g n i t e r  combustion and by the 
combustion of the propel lan t  g ra in ,  and t h e  rate a t  
which it is being expelled through the nozzle. This 
phase, coupled with a study of flame spreading in a 
convective environment, has been investigated by 
Summerf ield, '4 et al. 
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SECTION I1 
INTRODUCTION 
It has not  been poss ib l e  t o  es tabl ish a thorough- 
going fundamental understanding of the  phenomenon of 
flame spreading over an i g n i t i n g  s o l i d  p rope l l an t  sur-  
f a c e .  A number of s t u d i e s  have been repor ted .  14-19 
However, the f i r s t  fou r  of these focused on the flame 
spreading phenomenon i n  s i t u a t i o n s  that  were s u f f i c i e n t -  
l y  complex - p r i n c i p a l l y  due t o  the presence of s t rong 
forced convection - t o  preclude e luc ida t ion  of the 
underlying mechanism. 
were studies conducted i n  this laboratory,  attempted t o  
so lve  the flame spreading problem without the i n i t i a l  
added complexi t ies  introduced by motion of t he  environ- 
ment. It i s  be l ieved  t h a t  t h i s  must be done f i r s t  i n  
o rde r  t o  ga in  a fundamental understanding of the de- 
t a i led  mechanism of the process before  a r a t i o n a l  
attempt can be made t o  solve the  complex problem, i . e .  
flame spreading i n  a dynamic environment. 
Only the l as t  two, ",lg which 
These s t u d i e s  u t i l i z e d  an  elementary labora tory  
experimental  technique designed t o  measure, i n  a quies-  
c e n t  atmosphere, the  response of flame spreading velo- 
c i t y  t o  var ious environmental condi t ions .  They bore 
the  same r e l a t i o n s h i p  t o  the second phase of motor 
i g n i t i o n  as the elementary i g n i t i o n  experiments, 1-9 
7 
bore t o  the f i r s t  phase, The r e s u l t s  were s t r i k i n g l y  
similar t o  r e s u l t s  obtained i n  i g n i t i o n  experiments 20 
made with t h e  same propel lan ts .  That is, i t  was demon- 
strated that  flame spreading ve loc i ty  depends s t rong ly  
on pressure  level, chemical nature  of t h e  surrounding 
quiescent  atmosphere, and specimen sur face  condi t ion.  
These f i n d i n g s  were cons i s t en t  w i t h  a postulated gas 
phase mechanism f o r  the flame spreading process., 
Recently, a study of flame spreading on space cabin 
materials has been reported;21 the experimental approach 
i s  almost i d e n t i c a l  t o  that employed i n  t h i s  labora-  
t o r y  e lb,lg 
t a i n  a large degree of s c a t t e r .  T h i s  precludes mean- 
i n g f u l  comparison wi th  the work of t h i s  labora tory .  
Unf'ortunately, the only published data con- 
A l l  previous experiments i n  t h i s  labora tory  were 
conducted a t  atmospheric pressure and below. These 
provided a foundat ion f o r  the des ign  of the sub jec t  
experiments, dur ing  the  execution of which i t  was pos- 
s i b l e  t o  gather flame spreading data a t  pressures  up to  
415 psia i n  environments composed of mixtures of oxygen 
and n i t rogen .  I n  order  t o  allow open pub l i ca t ion  of 
the composition of t he  p rope l l an t s  t e s t e d ,  two were 
s e l e c t e d  that were about t o  be d e c l a s s i f i e d .  These 
p r o p e l l a n t s  were of the n i t r a t e  e s t e r  (double base, o r  
homogeneous) type as were the  t h r e e  c l a s s i f i e d  propel- 
b 
l a n t s  employed previously,  Unfortunately,  these two 
new p rope l l an t s  have not  been declassified so the i r  
compositions can n o t  be revealed here in .  
Resul t s  of the previous s t u d i e s  of th i s  labora- 
t o r y  were c o n s i s t e n t  with the proposed gas phase mech- 
anism of flame spreading, The p resen t  work was designed 
t o  y i e l d  experimentally the dependence of flame spread- 
i n g  v e l o c i t y  on pressure  leve l ,  f o r  a pressure  range 
approaching two orders  of magnitude. The c o r r e l a t i o n  
of these data by means of t he  r e s u l t  of a n  a n a l y t i c a l  
p r e d i c t i o n  based on the gas phase mechanism of flame 
spreading w i l l  be indeed a severe tes t  of the mechanisms 
v a l i d i t y .  I n  addi t ion ,  these data should be of practi-  
ca l  importance as they w i l l  be obtained near  the opera- 
t i n g  range of a large va r i e ty  of c u r r e n t l y  u t i l i z e d  
s o l i d  p rope l l an t  rocke t  motors. 
. 
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SECTION IIL 
DESCRIPTION OF APPARATUS AND TEST PROCEDURES 
Each small t e s t  specimen (3"  x 3/8':  x 1/16") was 
mounted on ( 3  1/4" x 1/2")  aluminum p l a t e s  and was placed 
i n  a r e l a t i v e l y  l a r g e  t e s t  chamber (10" i .d .  x l t r l l ) .  The 
sample was or iented wi th  t h e  sur face  t o  be burned p a r a l l e l  
t o  the f l o o r ,  After  the chamber was sealed and charged 
w i t h  t e s t  gas, the  specimen was ign i t ed  by a n  e l e c t r i c a l l y  
heated wire placed along t h e  top  edge, The flame spread- 
ing  was recorded by means of a motion p i c t u r e  camera, 
T h i s  experiment completely eliminated the complication 
of forced convective e f f e c t s  on the  flame spreading pro- 
c e s s .  Also, due t o  t h e  s i z e  of t he  chamber and l ack  of 
nearby ob jec t s ,  convective cu r ren t s  produced by the  flame 
had a n e g l i g i b l e  e f f e c t  on the flame spreading process ,  
Pressure inc rease  of the surrounding atmosphere during 
flame spreading w a s  reduced t o  a n e g l i g i b l e  l e v e l  by 
having a l a r g e  surge tank (10 cu. f t  ) connected t o  t he  
t e s t  chamber by a one-way valve.  An unobstructed view of 
the  phenomenon wi th in  t h e  chamber was provided by an ob- 
s e r v a t i o n  window, through which t h e  event was fi lmed 
(F igure  1) .  
I n  order  t o  i n su re  uniform and simultaneous i g n i t i o n  
a c r o s s  the sho r t  s ide  of the t o p  edge of the  specimen 
10 
surface,  i t  was necessary t o  f a s t e n  the i g n i t i o n  wire t o  
the sur face  wi th  p l a s t i c  cement. To prevent the flame 
from spreading too  r a p i d l y  a long  t h e  long edge of the 
specimen - a phenomenon t h a t  takes  p lace  f a s t e r  than 
flame spreading over the surface,  and the re fo re  could 
r e s u l t  i n  spuriously higher measured values of the 
l a t t e r  process  - i t  was necessary t o  i n h i b i t  the edges 
of the specimen, An inorganic cement, cons i s t ing  of 
asbes tos  and water glass i n  a weight r a t i o  of l : 5  was 
appl ied t o  the sides of these specimens. T h i s  produced, 
when d r i e d ,  a f i r m l y  bonded p ro tec t ive  coa t ing .  Fur ther  
development demonstrated that  the e f f ec t iveness  of the 
i n h i b i t i o n  could be improved by extending the s i d e  coa t -  
i ng  over the edge and onto the top  f o r  a d i s t a n c e  of 
about  l/32". 
t a ined  w i t h  specimens inh ib i t ed  i n  t h i s  manner. 
A l l  of the d a t a  reported here in  w e r e  ob- 
Early experiments performed wi th  100 percent  oxy- 
gen a t  415 psia produced combustion of t h e  i g n i t i o n  c i r -  
c u i t  copper lead wire. Analysis of the f i l m  of the event 
i nd ica t ed  that  the  glowing h o t  nichrome i g n i t i o n  wire 
would burn a f t e r  i t  had ign i ted  t h e  p rope l l an t .  The 
sparks  emitted by the burning nichrome wire ign i t ed  t h e  
copper lead wires,  which burned vigorously,  T h i s  problem 
was resolved by encasing t h e  copper lead wire i n  ceramic 
11 
sleeves and using nichrome wire of f i n e  (.010 i n , )  
diameter. Immediately following p rope l l an t  i g n i t i o n  the 
f i n e  nichrome wire f i s s u r e d ,  and wi th  the c i r c u i t  broken 
the spark emission was almost completely el iminated,  
I n  order  t o  run  a t  a selected t e s t  pressure,  the 
surge tank was pressurized t o  the d e s i r e d  l e v e l  w i th  
compressed a i r .  After mounting a specimen i n  t h e  cham- 
ber, the chamber was bolted t i g h t  then evacuated and 
charged w i t h  the  se lec ted  tes t  gas, A t  low pressures  
(below 65 psia)  evacuation and charging were repeated 
t o  i n s u r e  t h a t  the gas i n  contact  w i t h  t h e  specimen 
would be, i n  fac t ,  the selected t e s t  gas, F ina l ly ,  the 
p res su re  i n  the chamber was brought t o  the l e v e l  of that  
i n  the surge tank, thus  opening the  one-way valve. 
Following t h i s ,  the chamber pressure rose  a t  an  imper- 
cep t ib l e  ra te  while the  t e s t  gas charging was continued. 
After allowing the chamber gas t o  become quiescent ,  the 
camera was started and the  i g n i t i o n  c i r c u i t  was c losed ,  
The event was recorded on Kodak Tr i -X  16 mm motion 
p i c t u r e  f i l m  (Figure 2 ) .  
speed cinecamera was used depending on the t e s t i n g  condi- 
t i o n .  The low speed camera ( B e l l  and Howell, 16mm Model 
70-DL) exposed a t  a ca l ib ra t ed  ra te  o f  71.6 frames/second, 
recorded the event f o r  pressures below 215 p s i a  f o r  a l l  
E i t h e r  a low speed o r  a high 
12 
t es t  gases but f o r  a l l  pressures  f o r  t e s t  gases  with 
equal t o  0.23 and ze ro ,  The high speed camera (Kodak 
High Speed Camera, 16 mm S e r i a l  No, lb12) exposed a t  
approximately 300 frames/second, was used f o r  pressures  
9f 215 psia and above f o r  t e s t  gases having a value of Z 
greater than 0.23.  Following f i l m  development a 
motion analyzer (Vanguard, Model PI-16 ) was employed 
t o  o b t a i n  the flame spreading ve loc i ty ,  i , e . ,  t he  
measured propagation d i s t ance  per se lec ted  frame i n t e r -  
v a l  f o r  t he  low speed camera, o r  per  a se lec ted  number 
of 120 cycle/second timing marks f o r  t he  high speed 
camera, 
. 
SECTION I V  
EXPERIMENTAL RESULTS AND D I S C U S S I O N  
The two types of n i t r a t e  e s t e r  (double base) pro- 
p e l l a n t s  t e s t e d  were obtained through the  kindness of 
J. P.  Picard, R.  G.  Wetton, and R .  F ,  J a s i n s k i  of the 
Propel lan t  Laboratory, FREL Division, Picat inny Arsenal, 
Dover, N e w  J e r sey ,  They a r e  designated here as Propel- 
l a n t s  A and B, i n  order  of' descending n i t roglycer ine- to-  
n i t r o c e l l u l o s e  r a t i o  contained by each. (The exact  com- 
p o s i t i o n s  cannot be revealed here. ) 
Previously,  experiments 1b919 were performed w i t h  
p rope l l an t  specimens tha t  were received i n  the  form of 
3/b1' diameter s t r ands  ( r o d s )  which required c u t t i n g  a- 
long the a x i s  t o  generate  a f l a t  sur face  and pol i sh ing  of 
t h i s  sur face  t o  i n su re  r ep roduc ib i l i t y  of  r e s u l t s ,  
The present  samples were received i n  the form of r o l l e d  
f l a t  sheets. 
An experiment was conducted t o  compare t h e  flame 
spreading ve loc i ty  over a r o l l e d  sur face  t o  t h a t  of a 
pol ished sur face .  The r e s u l t s  were: (1) no d e t e c t a b l e  
d i f ' f  erence i n  flame spreading ve loc i ty  was obtained; but  
( 2 )  the data s c a t t e r  was s l i g h t l y  lower w i t h  the  r o l l e d  
su r face .  Therefore,  no surface treatment was performed 
on t h e  p rope l l an t  samples used i n  t h i s  experiment, 
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The flame spreading ve loc i ty  i n  t h e  long i tud ina l  
d i r e c t i o n  was measured a t  pressure l e v e l s  of 6, 15, 65, 
115, 165, 215, 315, and 415 ps ia ;  and i n  chemical en- 
vironments of 0,23,  0.57, 0.86, 1.00 weight percent  
oxygen i n  ni t rogen,  and i n  100 percent  n i t rogen ,  These 
condi t ions  were se lec ted  so t h a t  r e s u l t s  could be r e a d i l y  
compared w i t h  p red ic t ions  of a previous a n a l y s i s  of t he  
gas phase mechanism of flame spreading: the spreading 
v e l o c i t y  was predicted t o  be a func t ion  of both pressure  
l e v e l  and chemical r e a c t i v i t y  of the surrounding atmos- 
phere ( see  Appendix I ) ,  
I n  general ,  i t  was observed t h a t  as t h e  flame 
spreads ac ross  the  i g n i t i n g  propel lan t  sur face  th ree  
d i s t i n c t  regimes could be i d e n t i f i e d :  
per iod of unsteady spreading of very sho r t  durat ion;  
( 2 )  a pseudo s t eady- s t a t e  condi t ion  i n  which t h e  flame 
f r o n t  propagated uniformly t o  approximately l/3 t o  1/2 
of t h e  l eng th  of the specimen; and (3)  a t r u e  steady- 
s ta te  condi t ion  a s  t he  flame propagated uniformly, but 
a t  a somewtiat higher ve loc i ty ,  t o  t he  end of the  
specimen, 
(1) a n  i n i t i a l  
Figures  3 and 4 are  "wave diagrams" (d i s t ance  spread 
v s  t i m e  p l o t s )  t y p i c a l  of the d a t a  i n  genera l .  The t ran-  
s i t i o n  between the pseudo s teady-s ta te  and t r u e  steady- 
s ta te  regimes usual ly ,  but not  always, occurred a t  a 
well-defined "breakpoint" ( T a b l e  1). The breakpoint 
was always encountered i n  the f i r s t  half of the speci- 
men length, Therefore,  t o  i n su re  that  the t r u e  steady- 
s ta te  information was obtained, data were recorded only 
f o r  flame spreading over the second half of the speci-  
mens, Here the uniformly propagating flame f r o n t  was 
always perpendicular  t o  t he  long edge of the  specimen, 
+ A l l  data obtained i n  t h i s  manner were wi th in  - 5 per- 
cen t  of the best  f i t  curve drawn through the arithmetic 
mean po in t s .  
The previously developed ana lys i s ,  from (Equation 
9)  Appendix I, predicts:  
voc ( Z P p  
where m i s  a cons tan t  h a v i n g  a value less than 1. When 
the data f o r  both p rope l l an t s  are p l o t t e d  as log V v s  
l o g  P (Figure 5),  genera l  agreement wi th  t h i s  p red ic t ion  
i s  ev ident  f o r  the s lopes a re  less  than 1. The flame 
spreading v e l o c i t y  i s  not  a smooth func t ion  of pressure.  
A t  va lues  of Z > 0.57 the s lope increases ,  while f o r  
Z < 0.57 the s lope  decreases .  I n  order  t o  c la r i fy  the 
n a t u r e  of this behavior i t  would be necessary t o  take 
data a t  much higher pressures .  Unfortunately,  the present  
appara tus  i s  l i m i t e d  t o  pressures  of 415 psia,  thus  i t  
was impossible t o  do so  during the present  program, 
When the data were p lo t ted  as log  V v s  log  Z 
(Figure 6 )  t he  r e s u l t s  were incons is ten t  w i t h  the  
p red ic t ion  of m < 1. These data ,  i n  general ,  a r e  
well represented by s t r a igh t  l i n e s ,  except f o r  those 
obtained a t  15 psia  (for a l l  Z )  and above Z = 0 86 
(for a l l  p re s su res ) .  The behavior of both p rope l l an t s  
a t  15 psia i s  similar t o  that obtained e a r l i e r  i n  t h i s  
laboratory’’ with t h r e e  o ther  n i t r a t e  e s t e r  p rope l l an t s  
The present  data yielded r e s u l t s  that  deviated i n  
c e r t a i n  r e s p e c t s  from those of t h e  previously genera- 
t e d ,  and admittedly very crude,” a n a l y s i s  of the  gas 
phase mechanism of‘ flame spreading. However, i n su f -  
f i c i e n t  t i m e  was available t o  produce an improved 
a n a l y s i s .  Instead,  empirical  c o r r e l a t i o n s  of the data 
were sought t ha t  might guide f u r t h e r  a n a l y s i s .  Fig- 
u r e s  7 and b d i s p l a y  the  exce l l en t  c o r r e l a t i o n  of 
almost a l l  of the data w i t h  Z P, w i t h  t h e  exception of 
those  obtained w i t h  propel lan t  A which d e v i a t e d  from a 
2 
s t r a i g h t  l i n e  a t  the  highest  values of Z‘P t e s t ed .  
The only data that  could not be cor re la ted  i n  t h i s  
manner were obtained i n  ni t rogen ( Z  = 0 ) ,  
The burning r a t e  ( l i n e a r  sur face  r eg res s ion  r a t e )  
produced by normal f u l l - s c a l e  combustion of propel lan t  B 
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was measured i n  a n i t rogen  environment by means of a 
Crawford Strand Burner Bomb. 
through the kindness of M r .  0. A.  C o l i t t i  of t he  Pica- 
t i nny  Arsenal. 
percent  below the flame spreading r a t e s  obtained i n  
n i t rogen  (displayed i n  Figure 5 ) .  
of the na tu re  of the propel lan t  sur face  cha rac t e r  during 
flame spreading i n  n i t rogen  indicated that the process  
involved i s  merely normal burning of a p lanar  sur face  
o r i en ted  a t  an  angle s l i g h t l y  g r e a t e r  than 90" w i t h  the  
top  sur face ,  Thus i t  appears t ha t  i n  n i t rogen  atmos- 
pheres  the flame spreading ve loc i ty  i s  equal t o  the  
normal burning ve loc i ty  d i v i d e d  by the  s i n e  of t h e  angle  
between the top  sur face  and the  plane of burning. 
These data2* were obtained 
The burning r a t e s  were approximately 15 
Further, observat ion 
Flame spreading i n  chemically r e a c t i v e  environments, 
on the o t h e r  hand, appears t o  d i f f e r  i n  i t s  e s s e n t i a l  
na tu re  from flame spreading i n  n i t rogen .  Figure 9 
d i s p l a y s  the d i f f e r e n t  charac te r  of t h e  spreading flame 
s t r u c t u r e  i n  chemically r e a c t i v e  v i s - a - v i s  i n e r t  environ- 
ments. 
The na tu re  of the mechanism by which a flame spreads 
over  an i g n i t i n g  p rope l l an t  sur face  appears t o  be essen- 
t i a l l y  gas phase. That i s ,  the  important exothermic 
chemical r e a c t i o n s  tha t  d r i v e  t he  flame ac ross  the  sur face  
l b  
take p lace  i n  the gas  phase following vaporizat ion of 
some propel lan t  sur face  mater ia l .  The importance of 
the gas phase aspect  of t he  phenomenon i s  i l l u s t r a t e d  
by the data p lo t t ed  i n  Figures 7 and b f o r  both pro- 
p e l l a n t s .  The flame spreading v e l o c i t y  i s  propor- 
t i o n a l  t o  the environmental parameter, Z 2 P, ra i sed  t o  
the 0 , b  power, even though t h e i r  chemical compositions 
are  q u i t e  d i f f e r e n t ,  
. 
SECTION V 
DISCUSSION OF THEORY 
The phenomenon of flame spreading o v e r  an i g n i t i n g  
p rope l l an t  sur face  i n  a chemically r e a c t i v e  environment 
i s  viewed here in  a s  one of continuous i g n i t i o n ;  thus,  
t he  flame spreading and i g n i t i o n  processes  are i n e x t r i -  
cably l inked ,  When a flame spreads smoothly over an 
i g n i t i n g  propel lan t ,  t he  elements of sur face  ly ing  be- 
f o r e  i t  are brought successively t o  i g n i t i o n  by the  i n -  
f l uence  of t he  approaching flame f r o n t .  The elements 
immediately ahead of t h e  f r o n t  are a t  a condi t ion  of  
i n c i p i e n t  i g n i t i o n  wi th  i g n i t i o n  de lay  inc reas ing  
monotonically w i t h  increas ing  d i s t a n c e  f r o m  the  flame, 
Surveys” of cu r ren t  opinions on the  s o l i d  pro- 
p e l l a n t  i g n i t i o n  phenomenon, as well  as c e r t a i n  r e s u l t s  
r e c e n t l y  obtained i n  t h i s  laboratory,  i n d i c a t e  
that  the p r i n c i p a l  exothermic process  lead ing  t o  so l id  
p rope l l an t  i g n i t i o n  takes  place i n  the gas phase follow- 
i n g  some vaporizat ion of propel lan t  c o n s t i t u e n t s ,  I n  
t he  rare  event when v i o l e n t  oxidizing agents ,  such as 
F2 and C1F 
sur face ,  the heat  generated by d i r e c t  sur face  a t t a c k  
probably has a s t rong  inf luence on i g n i t i o n  and flame 
are present  a t  the i g n i t i n g  propel lan t  3’ 
spreading. However, t h i s  exot ic  process  was not  s tudied 
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during the subjec t  research  program and i s  not  included 
i n  the model presented i n  Appendix I. 
The e luc ida t ion  of t h e  gas phase mechanism of  so l id  
propel lan t  i g n i t i o n  was evolved from conductive hea t ing  
e ~ p e r i m e n t s . ~  The f i r s t  a n a l y t i c a l l y  predicted depen- 
dence of i g n i t i o n  delay time on exposure condi t ion  re- 
su l t ed  from a "zeroth" order  so lu t ion  t o  an approximate 
form of the energy equation, which had been uncoupled 
from the remaining conservation equations.  3 
U t i l i z a t i o n  of computer techniques was required t o  
ob ta in  so lu t ions  t ha t  were b e t t e r  approximations.  23 A t  
present ,  and f o r  the f i r s t  t i m e ,  the gas phase mechanism 
of s o l i d  propel lan t  i g n i t i o n  i s  being inves t iga ted  analy- 
t i c a l l y  for convective heating. 24 
a n a l y s i s  of the flame spreading phenomenon i s  ma te r i a l ly  
more d i f f i c u l t .  The ana lys i s  involves  the i n t e r a c t i o n  
between the  mutually perpendicular fo rward  hea t  f l u x  
from the moving flame and the stream of propel lan t  vapors 
which r i s e  up from the  surface,  Whereas, i n  the analo- 
gous i g n i t i o n  s i tua t ion3  the  heat f l u x  f rom a s t i l l  
gas environment and t h e  propel lan t  vapor  f l u x  a r e  
p a r a l l e l .  Therefore, i t  should  be expected t h a t  t h e  
f i r s t  a n a l y s i s  of the gas phase flame spreading mechan- 
i s m  w i l l  be on an even more pr imi t ive  l e v e l  ( s e e  
However, t h e o r e t i c a l  
21 
Appendix I )  than that  of t h e  gas phase i g n i t i o n  mechan- 
i s m .  
The experimental  r e s u l t s  presented herein,  which 
cover an extremely wide  range o f  experimental  variables, 
lend support  t o  t h e  gas phase model of flame spreading. 
However, the p r i m i t i v e  ana lys i s  of t he  model t h a t  has 
been produced appears t o  be based on assumptions t ha t  
misrepresent  somewhat t h e  de t a i l ed  processes wi th in  the  
genera l  gas phase framework. 
I n  l i g h t  of the present  work i t  seems necessary 
t o  make a r eappra i sa l  of the assumptions underlying t h e  
a n a l y s i s ,  The most suspect of these appear t o  be: 
(1) the d i s t a n c e  ahead of the approaching flame 
which i s  a f f ec t ed  by the presence of the f r o n t  ( thermal 
layer th i ckness )  i s  constant ,  
(2) the  d i s t a n c e  above the surface,  X*, a t  which 
temperature runaway occurs i s  cons tan t ,  and 
( 3 )  the chemical r eac t ion  between p rope l l an t  
vapors and t e s t  gas -- t he  o n l y  r e a c t i o n  considered i n  
t h i s  a n a l y s i s  -- is second order.  
Flame temperature shows a minor dependence upon 
p res su re  but can have a m a j o r  dependence on the chemical 
r e a c t i v i t y  of t he  surrounding atmosphere f o r  underuxi- 
dized prope l l an t s ;  hence, a s  t he  value of Z increases  
the heat transfer forward can increase due to the 
elevated flame temperature. It appears that the ther- 
mal layer thickness is not constant but can be a 
function of Z. This is possibly the root of the 
multiplicative Z term missing from the analysis, 
fundamental understanding of  the above is possible 
until heat flux and temperature distributions in 
front of the flame are established so that the mode 
or modes of heat transfer forward can be rationalized, 
Assumption (2) appears to be cogent based on 
No 
earlier developments in this laboratory that demon- 
strated analytically that X* is not sensitive to 
variations of P; but, X* as a function of Z has never 
been checked and could be the source of the missing 
multiplicative Z term. The experimental determination 
of the dependence of X* on P and 2 would require 
unavailable pyrolysis data for double base propellants. 
For the present this assumption has to be taken as 
heuristic, recognizing that it could possibly be the 
cause of the discrepancy between the previously developed 
analysis and this experiment. 
In utilizing assumption ( 3 )  the possibility that 
the rate controlling step in the propellant combustion 
kinetics might be dependent on P and/or Z cannot be 
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ignored e However, the inves t iga t ion  of t h i s  possi-  
b i l i t y  i s  ou t s ide  t h e  scope of the present  work. 
Experimental evidence demonstrating a dependence 
of the flame cha rac t e r  on P and Z i s  shown i n  Figure 9. 
Within the framework of t he  underlying assumptions, 
the flame shape should no t  change; t h i s  c l e a r l y  i s  
not  the case.  
The e l u c i d a t i o n  of the  aforementioned phenomena 
i s  beyond the scope o f  t h i s  research.  The purpose i n  
present ing  t h i s  d i scuss ion  i s  t o  r e p o r t  the observed 
e f f e c t s  and at tempt  t o  p o i n t  o u t  necessary areas of 
f u t u r e  r e sea rch  concentrat ion.  
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SECTION V I  
SUMMARY AND CONCLUSIONS 
An elementary flame spreading experiment i n  a 
quiescent  environment a t  high pressure  has been per- 
formed. The rate of flame spreading over the i g n i t i n g  
sur face  of two s o l i d  rocket  p rope l l an t s  has been mea- 
sured under var ious condi t ions of pressure  and chemi- 
ca l  r e a c t i v i t y  of t h e  surrounding atmosphere, The 
flame spreading v e l o c i t y  exhibi ted a power law de -  
pendence on the environmental parameter, Z P. It was 
demonstrated tha t  a l l  data, except those taken i n  1010 
percent  ni t rogen,  could be cor re la ted  by an equation 
of the form V 4 ( Z 2 P ) r ,  where r 2 0.6. 
2 
Flame spread- 
ing data taken i n  n i t rogen  yielded v e l o c i t i e s  approach- 
i n g  those of the l i n e a r  burning r a t e ,  It i s  concluded 
that  i n  i n e r t  environments what appears t o  be flan,e 
spreading i s  merely normal d e f l a g r a t i o n  of a plane 
or ien ted  a t  an  angle  s l i g h t l y  greater than 90' w i t h  
the  sur face  of i n t e r e s t .  
Analysis of the experimental  r e s u l t s  confirms the  
basic hypothesis developed i n  t h i s  laboratory:  flame 
spreading i n  a chemically r e a c t i v e  environment i s  a 
continuous gas phase i g n i t i o n  process ,  However, some 
of the r e s u l t s  d e v i a t e d  from t h e  predicted behavior 
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which was based on a crude ana lys i s  of the gas phase 
flame spreading mechanism. T h i s  suggests t ha t  some of 
the s implifying assumptions underlying t h e  a n a l y s i s  
might sc?mewhat misrepresent c e r t a i n  de t a i l s  of t he  
a c t u a l  process ,  
With t h e  fundamental knowledge gleaned from t h i s  
and previous flame spreading experiments, i t  becomes 
poss ib le ,  f o r  the f i r s t  t i m e ,  t o  develop a r a t i o n a l  
a n a l y s i s  of the flame spreading phase of the solid 
prope l l an t  rocke t  motor i g n i t i o n  process ,  It i s  t o  be 
noted, however, that  motor flame spreading takes  place 
much more r a p i d l y  than those reported herein;  but t h i s  
i s  mainly due t o  the v i o l e n t  convective e f f e c t s  that 
are present  during motor i g n i t i o n ,  These e f f e c t s  were 
d e l i b e r a t e l y  excluded f r o m  the present  work, Now tha t  
some understanding of t h e  fundamental mechanism of 
flame spreading has been a t t a ined ,  i t  should be possi-  
b l e  t o  des ign  a r e sea rch  program t o  e l u c i d a t e  the  
de ta i led  na tu re  of propel lan t  flame spreading i n  a 
convective environment. 
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SECTION V I 1  
RECOMMENDATIONS FOR FUTURE RESEARCH 
A s  reported herein,  a n  experimental  i n v e s t i g a t i o n  
of the v a l i d i t y  o f  the gas phase theory of flame spread- 
ing  a t  high pressure  on a fundamental l e v e l  was conduc- 
t e d .  An empir ical  equat ion i s  presented tha t  c o r r e l a t e s  
a l l  data q u i t e  well  except Those obtained i n  n i t rogen .  
However, flame spreading i n  the  normal sense can not  
occur i n  an i n e r t  atmosphere. The empir ical  equation 
can no t  be d e r i v e d  from t h e  previously developed 
a n a l y s i s .  l9 
formulated t o  account f o r  t h i s  behavior.  Future theo- 
r e t i ca l  advance i n  t h i s  area must produce r e s u l t s  that  
exp la in  the present  data, and i t  i s  recommended tha t  
No c o n s i s t e n t  a p r i o r i  reason could be 
t h i s  commence w i t h  an extensive r e v i e w  and experimental  
v e r i f i c a t i o n  of the assumptions underlying the analy- 
sis; i n  add i t ion ,  t h i s  review should consider  t he  a l l  
important boundary condi t ion  of p rope l l an t  phase 
change produced by sur face  heating. 
An obvious extension of the present  program would 
be t o  study flame spreading a t  high pressure  wi th  a 
w i d e r  v a r i e t y  of t e s t  specimens. These should include 
a d d i t i o n a l  types of n i t r a t e  e s t e r  p rope l l an t s ,  composite 
p rope l l an t s ,  and metal l ized p rope l l an t s  of both types.  
. 
Also, the flame spreading c h a r a c t e r i s t i c s  of composite 
p rope l l an t  i ng red ien t s  ( f u e l s  i n  ox id i ze r  environments 
and ox id ize r s  i n  f u e l  environments) a t  elevated pres- 
su res  should be s tudied.  These data would provide 
a wealth of information on the c h a r a c t e r i s t i c s  of 
flame spreading f o r  an extremely large number of prac- 
t i c a l  p r o p e l l a n t s  and would provide  a means f o r  check- 
i n g  the v a l i d i t y  of t h e o r i e s  as they are  developed; 
however, these data probably w111 not  be use fu l  as  a 
means of e l u c i d a t i n g  the basic mechanism. The au thor  
recommends that  d i agnos t i c  experiments and detai led 
study of some of the underlying assumptions be under- 
taken f o r  this purpose. 
I n  order  t o  r a t i o n a l i z e  the inhe ren t  t r a n s i e n t  
before  establ ishment  of t he  "steady s ta te"  flame spread- 
ing  ve loc i ty ,  information about the heat f l u x  and t e m -  
p e r a t u r e  d i s t r i b u t i o n s  ahead of the spreading flame 
f r o n t  i s  requi red .  Rapid response t h i n  f i l m  heat f l u x  , 
gauges and f i n e  thermocouples placed on the p rope l l an t  
su r f ace  w i l l  enable ca l cu la t ion  of these d i s t r i b u t i o n s ,  
By jud ic ious  choice of t he  type  and placement of the 
heat f lux  gauges in t eg ra t ed  with a systematic t e s t i n g  
program, i t  should be poss ib le  t o  determine the  magni- 
tude and modes of heat t r a n s f e r  as  w e l l  as i t s  dependence 
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on pressure and chemical r e a c t i v i t y  of the environment. 
For example, these data would be use fu l  i n  determining 
i f  the thermal l aye r  thickness  i s  indeed constant ,  as  
was assumed during previous a n a l y t i c a l  treatment of 
the gas phase mechanism of flame spreading. 
To make some r ea l i s t i c  evaluat ion of how the  d i s -  
tance above the sur face  where temperature runaway occurs, 
X*, varies w i t h  p ressure  and chemical r e a c t i v i t y ,  i n fo r -  
mation on the concentrat ion p r o f i l e s  and sur face  pyroly- 
s is  rate must be gathered. Surface py ro lys i s  data f o r  
double base p r o p e l l a n t s a r e  non-existent,  as f a r  as  the 
au thor  knows. Recently i n  t h i s  labora tory  a technique 
has been developed f o r  obtaining py ro lys i s  data f o r  
thermoplast ics .  
t r a t i o n  p r o f i l e  data25 f o r  the  thermoplastic material 
as a func t ion  of pressure and chemical r e a c t i v i t y  of 
t h e  surrounding atmosphere, X* f o r  these condi t ions 
might poss ib ly  be evaluated. Then, i t  may be poss ib le  
t o  make some estimate of t h e  v a r i a t i o n  of X* f o r  
double base p rope l l an t s  by ex t rapola t ing  these  data.  
T h i s  program indicated a poss ib l e  change i n  the 
U t i l i z i n g  these toge ther  w i t h  concen- 
o r d e r  of the chemical reac t ion  near  415 psia.  To ra- 
t i o n a l i z e  t h i s  change, data a t  higher pressure  are re- 
qu i r ed .  T h i s  would necess i t a t e  a modif icat ion of the 
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existing high pressure flame spreading apparatus by the 
installation of a surge tank capable of withstanding 
higher pressure, Data can be taken as described in the 
text. 
Finally, the forced convection of hot combustion 
gases past the propellant surface occuring in actual 
rocket motors significantly affects flame propagation. 
Any study of flame spreading must ultimately include 
these effects and future investigators should conduct 
dynamic flow experiments where the flame spreading 
velocity may be measured as a function of gas velocity, 
gas temperature, chamber pressure, etc. 
SECTION V I 1 1  
THE AUTHOR'S O R I G I N A L  CONTRIBUTIONS 
The o r i g i n a l  con t r ibu t ions  of  the author  t o  t h i s  
cont inuing flame spreading research  program are: 
(1) The cons t ruc t ion  of an apparatus  t o  ob- 
t a i n  data f o r  flame spreading a t  high 
pressure  e 
( 2 )  The gather ing,  f o r  t he  f i r s t  time, of flame 
spreading data i n  a quiescent  atmosphere 
near t h e  p r a c t i c a l  operat ing range of 
s o l i d  p rope l l an t  rocket  motors. 
The development of a c o r r e l a t i o n  of flame ( 3 )  
spreading ve loc i ty  with a parameter composed 
of a grouping of environmental t e s t  gas 
c h a r a c t e r i s t i c s  (pressure  level and oxygen 
concent ra t ion) .  
. 
3 .  
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APPENDIX I 
ONE-DIMENSIONAL MODEL OF FLAME SPREADING 
Presented herein is the simplified gas phase theory 
of flame 
describe 
The 
addition 
(1) 
( 3 )  
( 4 )  
(5)  
spreading developed in this laboratorylg to 
thils phenomenon on a fundamental level. 
assumptions underlying the analysis, in 
t o  that of smooth flame propagation, are: 
The distance ahead of the approaching flame 
which is affected by the presence of the 
front (thermal layer thickness) is constant. 
The distance above the surface, X*, at which 
temperature runaway occur6 -- the principal 
exothermic process leading to ignition takes 
place in the gaa phase -- is constant. 
The concentration of test gas at X* is 
unaffected by the diffusing propellant vapor. 
The propellant vapor concentration at X*, 
(C)x* ,  is proportional to pt" ,  where p is the 
gas density, t is the time following the 
instant from when the flame presence is felt, 
and n is a positive constant. (See Reference 
26 for exact solutions to the controlling 
diffusion equation, ) 
The chemical reaction between propellant 
A-2  
vapors and tes t  gas -- t he  only r e a c t i o n  
considered i n  t h i s  a n a l y s i s  -- i s  second order .  
The rate of heat l o s s  o r  ga in  from the 
i g n i t i o n  l o c a t i o n  i s  n e g l i g i b l e  compared with 
( 6 )  
the r a t e  of chemical heat production a t  the 
s i te .  
The temperature dependence of chemical r e a c t i o n  
rate fol lows the  Arrhenius expression; t he  
high value of a c t i v a t i o n  energy f o r  t he  con- 
t r o l l i n g  k i n e t i c s  j u s t i f i e d  the  use of a gas 
phase " i g n i t i o n  temperature" concept ,
( 7 )  
A t  the s i t e  of i g n i t i o n ,  t h e  energy equat ion takes 
the form: 
Within the framework of the assumptions the  chemi- 
0 
c a l  heat genera t ion  rate per u n i t  mass, Qchems may be 
represented  as: 
S u b s t i t u t i n g  ( C l X %  of P t n  in ( 2 )  y i e l d s  
and no t ing  that  C 
of the chemically r e a c t i v e  componect i n  the  tes t  gas, 
(1) becomes: 
= Z p ,  where Z is the weight f r a c t i o n  
g 
(4  2 n -E/RT aT o < q p  Z t  Ae PCPV 
Assumlng p e r f e c t  gas behavior, p = ~ p ,  P where P is 
the pressure  i n  the surrounding atmosphere, ( 4 )  can be 
w r i t t e n  as: 
(5 )  
A l l  terms wi th in  the  bracke ts  are phys ica l  cons tan ts ,  
except T j  t he re fo re ,  we can r ep resen t  t he  bracket  as a 
func t ion  of T only, say f ( T ) .  Thus, (5) takes  the form: 
f (T)dT o( Z P t n d t  (6 1 
The limits of I n t e g r a t i o n  are: 
t = 0 f o r  T = To 
Tie t = ~ f o r T =  
Then, ( 6 )  becomes 
(7  1 rgf (T)dT o( ZPT n+l 
T = To 
Assuming both To and Tie t o  be cons tan t ,  ( 7 )  
1 becomes: 
(8 1 T a (  (ZP) -n+l 
Now, remembering tha t :  ( a )  T is the I n t e r v a l  from 
the i n s t a n t  a t  which the  advancing flame f i rs t  produces 
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a s i g n i f i c a n t  e f f e c t  a t  a c e r t a i n  l o c a t i o n  t o  the 
i n s t a n t  a t  which i g n i t i o n  of the p rope l l an t  vapors 
occurs a t  that  loca t ion ;  and (b) the d i s t a n c e  ahead 
of the flame tha t  i s  a f f ec t ed  by the presence of the 
f r o n t  i s  assumed t o  be constant ; then the flame 
spreading ve loc i ty ,  V, must vary inve r se ly  w i t h  T. 
That is:  
1 
Thus, t h i s  s impl i f i ed  ana lys i s  p r e d i c t s  a power 
law dependence of V on Z and P w i t h  an exponent, 
m E x #  where n i s  always p o s i t i v e ,  having a value 
less than un i ty .  
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TABLE 1 
TYPICAL BREAKPOINT DATA FROM DISTANCE SPREAD VS TIME PLOTS 
Propel lan t  2 P Slope Change Time Distance 
( p s i a )  bel. Mag. (sec.) (in. ) 
A 
A 
A 
A 
A 
A 
A 
B 
E3 
1.00 
1.00 
1.00 
1.00 
1.00 
0.57 
0.57 
1.00 
0.57 
415 
315 
215 
115 
15 
415 
215 
315 
215 
medium 
medium 
medlum 
l a rge  
small 
large 
medium 
sn191.l 
norre 
0.25 
0.30 
0.60 
0.90 
0.72 
0.55 
1.30 
0.35 
1.2 
1.0 
1.6 
1 . ' I  
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